We compute, by means of exact diagonalization of systems of N = 16 and 18 spins, the correlation function < σ z 0 σ z n > at nonzero temperature for the XXZ model with anisotropy ∆. In the gapless ferromagnetic region −1 < ∆ < 0 for fixed separation the temperature can always be made sufficiently low so that the correlation is always negative. However we find that for sufficiently large temperatures and fixed separation or for fixed temperature and sufficiently large separations the correlations are always positive. This sign changing effect has not been previously seen and we interpret it as a crossover from quantum to classical behavior.
This correlation is manifestly never positive for n = 0. When T = 0 it simplifies to S z (n; 0, 0) = −4π
if n is odd δ n,0 if n is even. (2.2) In the scaling limit where T → 0, n → ∞, with T n = r fixed (2.3)
we have 8 limT −2 S z (n; T, 0) = − sinh −2 (πr/2) if n is odd 0 if n is even. (2.4) In the general case ∆ = 0 the nearest neighbor correlation at T = 0 S z (1; 0, ∆) is obtained from the derivative of the ground state energywhere from ref. We note that 0 ≤ θ ≤ 1 and vanishes at the ferromagnetic point ∆ = −1. At ∆ = 0 we have θ = 1/2, C(0) = 2π −2 and (2.5) reduces to the exact result (2.4) . For other values of ∆ only the limiting value as ∆ → 1 is known 26 . When T > 0 the correlations decay exponentially for large n instead of the algebraic decay (2.5) of T = 0. For 0 < ∆ < 1 it is known 16, 18 that for small fixed positive T the large n behavior of S z (n; T, ∆) is
In order to smoothly connect to the T = 0 result (2.5) we need A z (∆, T ) = A(∆)T 1/θ but this has not yet been demonstrated. We note that for positive values of ∆ the exact nearest neighbor correlation at T = 0 is negative and the leading term in the asymptotic behaviors (2.4) and (2.7) oscillates as (−1)
n . Both of these facts are consistent with antiferromagnetism. For negative values of ∆, however, the situation is somewhat different. The nearest neighbor correlation at T = 0 is negative and, indeed, since θ < 1/2, we see from (2.5) that the asymptotic values of S z (n; 0, ∆) are also negative and there are no oscillations. This behavior cannot be called antiferromagnetic because there are no oscillations but neither can it be called ferromagnetic because the correlations are negative instead of positive.
In order to further investigate the regime −1 < ∆ < 0 we have computed the correlation function S z (n; The tables 1-6 reveal the striking property of S z (n; T, ∆) for T > 0 and −1 < ∆ < 0 that either as a function of T for fixed n or as a function of n for fixed T the correlation changes sign. In particular while the correlation is negative for sufficiently small values of n and T the correlation becomes positive as either T or n increases. This behavior is quite different from the case 0 < ∆ where for all temperatures the sign of S z (n; T, ∆) is (−1)
n To interpret the property of changing sign we note that when the Hamiltonian (1.1) is written in in terms of the basis where σ
is a kinetic energy term which translates a down spin one step whereas the term σ z j σ z j+1 is a potential energy term which is diagonal in the basis of eigenstates of σ z j . In classical statistical mechanics the static expectation values of position dependent operators are independent of the kinetic energy and depend only on the potential energy. If we further expect that at high temperatures the system should behave in a classical fashion we infer that at high temperatures for ∆ < 0 the correlation S z (n; T, ∆) should be ferromagnetically aligned ie. S z (n; T, ∆) > 0. This is indeed what is seen in tables 1-4. However at low temperatures the quantum effects of the kinetic term cannot be ignored. When ∆ = 0 there is no potential energy so all the behavior in S z (n; T, 0) can only come from the kinetic terms and hence the behavior given by (2.1) in which S z (n; T, 0) is never positive must be purely quantum mechanical. Consequently it seems appropriate to refer to the change of sign of the correlation S z (n; T, ∆) as a quantum to classical crossover. We conclude by relating the sign changing phenomena of tables 1-6 to the predictions of conformal field theory. To do this we consider the scaling limit (2.3) and define the scaling function
The prescription of conformal field theory is that this scaling function is obtained from the large n behavior of the T = 0 correlation given by the first term of (2.4) by the replacement [page 513 of ref
where the decay constant κ can be obtained by use of the methods of ref. 16 . This replacement is obtained by combining the conformal field theory results on finite size corrections 28 with the field theory relation of finite strip size to nonzero temperature 29 . However. this prescription clearly leads to a correlation which is always negative and does not show the sign changing phenomena seen in the tables 1-6. This difference needs to be resolved.
It is of course always possible to resolve a contradiction between finite size data and scaling results by the assumption that the finite size system is not sufficiently large. This explanation would assert that there is some temperature (depending on ∆) below which the correlations do not change sign as a function of n. It could also happen that the position n 0 at which the correlation function vanishes diverges as T → 0 more rapidly than T −1 . Neither of these phenomena have been previously seen and both imply the existence of new temperature scales in the problem. If n 0 goes to infinity either as T −1 or less rapidly than T −1 there would seem to be a breakdown of some of the assumptions used in the derivation of (2.9). The second of these four options agrees both with our data and with conformal field theory and we suggest that on the distance scale larger than T −1 there are contributions from temperature dependent excitations which come from string solutions of the Bethe's ansatz equations 6, 9 . A further assessment is beyond the scope of this note.
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